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Abstract
An Ho3+-doped YAlO3 (Ho : YAP) single crystal has been grown by the Czochralski technique. The
polarized absorption spectra, polarized fluorescence spectra and fluorescence decay curve of the
crystal are measured at room temperature. The spectroscopic parameters are calculated based on
Judd–Ofelt theory, and the effective phenomenological intensity parameters 2,eff , 4,eff and 6,eff
are obtained to be 2.89 × 10−20, 2.92 × 10−20 and 1.32 × 10−20 cm2, respectively. The
room-temperature fluorescence lifetime of the Ho3+ 5I7 → 5I8 transition is measured to be 8.1 ms.
Values of the absorption and emission cross-sections with different polarizations are presented for the
5I7 manifold, and the polarized gain cross-section curves are also provided and discussed.
(Some figures in this article are in colour only in the electronic version)
1. Introduction
2 µm holmium lasers have attracted considerable attention in
recent years as a result of its numerous applications in remote
sensing, laser radar and medicine [1–3]. It is known that Ho3+-
doped crystals offer advantages of high gain cross-sections
and long lifetimes of the 5I7 manifold, which provides high-
energy storage for efficient Q-switched operation. CW and
pulsed Ho laser operation as well as spectroscopic studies
in holmium-doped host materials have been conducted and
reported by several authors [4–8], with emphasis on the host
crystal Y3Al5O12 (YAG) [9–11].
YAP crystals have good optical, thermal and mechanical
properties similar to those of YAG crystals. However, unlike
the isotropic cubic YAG crystals (space group O10h -Ia3d),
YAP crystals belong to the orthorhombic symmetry class
(D162h-Pnma) and hence they are biaxial and anisotropic [12].
The anisotropy of YAP crystals gives them some advantages
over YAG crystals: the stimulated emission cross-sections
4 Author to whom any correspondence should be addressed.
are generally anisotropic and hence the gain can be tailored
for specific laser applications [13]. In addition, limitations
on polarized and fundamental mode operation imposed at
high average powers by thermally induced birefringence and
bifocusing are less for YAP [14].
Weber et al [15] reported the pulsed laser action at
2.119 µm from Ho : YAP sensitized with Er3+ and Tm3+
previously. Also Weber et al investigated the room-
temperature optical transition probabilities for Ho3+ in YAP
using the Judd–Ofelt approach [16], and spectroscopic
parameters were obtained based on unpolarized spectra.
However, the Ho : YAP crystal is biaxial and requires
the polarized spectroscopic properties to evaluate its laser
performance. To the best of our knowledge, the polarized
spectroscopic properties of the oriented YAP crystals doped
with holmium ions have not been reported until now.
In this paper, an Ho : YAP crystal was successfully grown
by the Czochralski technique. Polarized absorption spectra,
polarized fluorescence spectra and fluorescence decay lifetime
of Ho3+ ions in the YAP crystal at room temperature were
studied. Judd–Ofelt theory was applied to the analysis of the
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polarized absorption spectra, and the spectroscopic parameters
were obtained. By the reciprocity method (RM), the peak
stimulated emission cross-sections of the 5I7 → 5I8 transition
were estimated, and the polarized gain cross-section curves
were provided and discussed.
2. Experiment
The Ho : YAP crystal was grown by the Czochralski method
in an inductively heated iridium crucible. The Ho3+
concentration in the melt was 1.7 × 1020 cm−3(1 at%) with
Figure 1. Polarized absorption spectra measured at room
temperature. All transitions start from the ground manifold 5I8 to
the labelled manifolds.
Table 1. The mean wavelengths and the measured and calculated absorption line strengths of the transitions in the Ho : YAP crystal at room
temperature.
E‖a E‖b E‖c
5I8 → λa (nm) Seda (10−20) Scala (10−20) λb (nm) Sedb (10−20) Scalb (10−20) λc (nm) Sedc (10−20) Scalc (10−20)
5I7 1930 2.397 2.816 1917 1.954 2.116 1917 2.352 2.502
5I6 1151 1.054 1.189 1151 1.354 0.915 1151 1.293 1.054
5F5 645 2.539 2.423 645 1.994 1.382 645 2.75 2.172
5S2 + 5F4 539 2.551 2.272 540 2.103 1.508 539 2.662 2.020
5G6 454 7.141 7.244 454 6.989 6.550 454 7.574 7.319
5G5 419 1.597 1.986 418 1.15 0.886 419 1.701 1.799
respect to Y. The starting materials were prepared from
99.999% pure Y2O3, Al2O3 and Ho2O3 powders. The growth
direction was along the crystalline a-axis for YAP. The pulling
rate was 1.5 mm h−1 and the rotation rate of the seed was
18 rpm. The segregation coefficient of the holmium ion in the
Ho : YAP crystal detected by the inductively coupled plasma
atomic emission spectrometer (ICP-AES) method is equal to
0.877, which is larger than that of Ho : YAG (0.82).
Samples for spectroscopic measurements were cut from
the as-grown bulk crystal with each face perpendicular to
one of the three main crystallographic directions a, b and c
of the crystal. They were optically polished to 10 ×
10 × 1 mm3. The room-temperature polarized absorption
spectra in the 300–2300 nm spectra range were measured
using a spectrophotometer (Lambda 900, Perkin-Elmer) with
the incident light along a certain direction corresponding to
one of the crystallographic axes a, b or c. We presented
the anisotropic fluorescence spectra for the 5I7 → 5I8
transitions of the Ho : YAP crystal, which were recorded using
a 300 mm WDM1-3 monochromator with a 600 lines mm−1
grating blazed for 2.0 µm. With a 1.91 µm Tm : YLF laser
as the excitation source, the fluorescence was monitored
by an InGaAs detector with a SRS830 lock-in amplifier
for signal extraction. The fluorescence decay curve of
the Ho3+ 5I7 → 5I8 transition was recorded with the same
monochromator and detector. A 2.05 µm Tm, Ho : GdVO4
laser was used as the excitation source.
3. Results and discussions
The polarized absorption spectra in the range 300–2300 nm are
shown in figure 1. It can be found that the absorption spectra are
polarization dependent and consist of some absorption bands
corresponding to transitions from the ground manifold 5I8 to
the excited manifolds.
The room-temperature polarized absorption spectra are
used to calculate the J–O intensity parameters, from which
spontaneous emission probabilities, fluorescence branching
ratios and radiative lifetimes can be obtained. A brief outline
of the J–O analysis is given in the following.
The experimental line strengths Smeaq (J→J ′) for
transitions are determined by the following expression [17]:
Smeaq (J → J ′) =
3hc(2J + 1)
8π3e2N0
9nq
(n2q + 2)2
q
λq
, (1)
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where q indicates the polarization of the absorption band,
J and J ′ represent the total angular momentum quantum
numbers of the initial and final manifold states, respectively,
c is the speed of light, h is Planck’s constant, N0 is the number
density of Ho3+ ions, λq is the mean wavelength of the specific
absorption band that corresponds to the J → J ′ transition,
q is the mean integrated absorption coefficient of the three
mutually perpendicular direction and nq is the mean refraction
index, which is a function of the wavelength. For YAP,
n2 = 1 + Aλ2/(λ2 − B) where for the a, b, c crystallographic
axes A = 2.709, 2.678, 2.635 and B = 0.0126, 0.0123,
0.0116, respectively [16].
In Judd–Ofelt theory, the absorption line strength
Scalq (J → J ′) for electric-dipole (ed) transitions can be
written as
Scalq (J → J ′) =
∑
t=2,4,6
t,q |〈(S, L)J‖U(t)‖(S ′, L′)J ′〉|2,
(2)
where 〈‖U(t)‖〉 is the doubly reduced matrix element
between the initial and terminal states characterized by the
quantum numbers (S, L, J ) and (S ′, L′, J ′), respectively.
The values of the squared reduced matrix elements for the
chosen Ho3+ transitions have been calculated by Carnal
et al [18].
Considering the intermediate coupling, the magnetic-
dipole (md) transition Smdq (J → J ′) is expressed
Table 2. Judd–Ofelt intensity parameters and corresponding RMS
deviations for Ho3+ in the YAP crystal host.
E‖a E‖b E‖c t,eff
2 (10−20 cm2) 2.57 3.28 2.83 2.89
4 (10−20 cm2) 3.72 1.66 3.37 2.92
6 (10−20 cm2) 1.48 1.19 1.30 1.32
RMS (10−20 cm2) 0.33 0.18 0.10 0.20
Table 3. Spontaneous emission probabilities Aq(J → J ′) and A(J → J ′), fluorescence branching ratios β and radiative lifetimes τr for
Ho3+ ions in the YAP crystal determined by J–O theory.
Aa (s−1) Ab (s−1) Ac (s−1) A (s−1)
J ′ → J Aeda Amda Aedb Amdb Aedc Amdc Aed Amd β (%) τr (ms)
5I7 5I8 127.4 44.2 97.7 45.2 118.0 46.0 114.3 45.1 100.0 6.3
5I6 5I8 294.4 226.5 266.5 262.5 83.9 3.2
5I7 31.6 23.4 22.5 22.7 28.0 23.1 27.4 23.0 16.1
5I5 5I8 110.4 80.5 94.6 95.2 41.5 4.4
5I7 135.3 104.3 108.1 115.9 50.6
5I6 11.0 9.9 7.6 9.9 7.9 7.9 8.9 9.2 7.9
5I4 5I8 15.7 11.8 13.0 13.5 9.3 6.9
5I7 77.5 53.9 60.4 63.9 43.9
5I6 67.2 42.7 48.2 52.7 36.2
5I5 13.2 6.7 6.4 4.4 9.7 5.6 9.8 5.6 10.6
5F5 5I8 4154.0 2367.8 3812.8 3444.9 78.5 0.2
5I7 944.7 548.4 862.6 785.2 17.9
5I6 171.4 116.8 156.5 148.3 3.4
5I5 12.9 9.4 13.5 11.9 0.3
5I4 0.1 0.1 0.1 0.1 0.0
as [19]
Smdq (J → J ′) =
(
h
4πmc
)2
|〈(S, L)J‖L + 2S‖(S ′, L′)J ′〉|2,
(3)
wherem is the electron mass and |〈(S, L)J‖L+2S‖(S ′, L′)J ′〉|
is the reduced matrix element for the operator L + 2S and can
be calculated from the formula proposed by Weber [20].
Among all the absorption transitions in figure 1, only
the 5I8 → 5I7 transition is attributed to the ed and md
transitions. The value of Smdq of the 5I8 → 5I7 transition was
calculated to be 0.95 × 10−20 cm2 for the three polarizations.
The line strengths of ed transitions Sedq can be obtained by
Sedq = Smeaq − Smdq . The values of experimental Sedq for the
three polarizations are listed in table 1.
Using equation (2), the J–O intensity parameters t,q
(t = 2, 4, 6) for q polarization could be obtained by a least-
square fitting with the experimental line strengths. The values
of the parameters are listed in table 2. The root-mean-square
(RMS) deviation between the experimental and the calculated
line strengths was determined by
RMSq =
(∑
J ′ (S
ed
q (J → J ′) − Scalq (J → J ′))2
N − 3
)1/2
, (4)
where N is the number of transitions involved in table 1. The
results of the RMS deviations for different polarizations are
given in table 2.
The relationships between the effective J–O parameters
t,eff and the polarized t,q are generally expressed as [21]
t,eff = t,a + t,b + t,c3 . (5)
The effective J–O parameters of the Ho : YAP crystal could
be calculated from the polarized t,q . The values are
3
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Figure 2. Anisotropic fluorescence spectra (5I7 → 5I8) of Ho3+ ions
in the YAP crystal at 300 K.
single exponential fitting
Figure 3. Room-temperature fluorescence decay curve of the
Ho : YAP crystal for the 5I7 manifold under 2050 nm excitation.
2,eff = 2.89 × 10−20 cm2, 4,eff = 2.92 × 10−20 cm2 and
6,eff = 1.32 × 10−20 cm2, which are also listed in table 2.
Based on the polarized t,q , the probabilities for
spontaneous emission of ed radiation from an excited manifold
J to a lower manifold J ′ with q polarization can be
calculated by
Aedq (J → J ′) =
64π4e2
3h(2J + 1)λ3
nq(n
2
q + 2)2
9
Scalq , (6)
where Scalq =
∑
t=2,4,6 t,q |〈(S, L)J‖U(t)‖(S ′, L′)J ′〉|2
represents the line strength for the ed transition from the upper
manifold J to the corresponding lower-lying manifolds J ′.
The reduced matrix elements here can be obtained from [16].
The spontaneous emission probabilities contributed by md
radiation are given by
Amdq (J → J ′) =
64π4e2n3q
3h(2J + 1)λ3
Smdq , (7)
where Smdq is expressed by equation (3). The total spontaneous
emission probability for q polarization is Aq = Aedq + Amdq .
Wavelength/nm
Figure 4. Polarized absorption and stimulated emission
cross-sections of the Ho : YAP crystal.
Then the average spontaneous emission probability for
the J → J ′ transition, A(J → J ′) = ∑q Aq(J → J ′)/3,
and the total spontaneous emission probability from the J
manifold, Atotal =
∑
J ′ A(J → J ′), can also be obtained. The
radiative lifetime τr of the J manifold is the reciprocal of the
total spontaneous emission probability and the fluorescence
branching ratio for the J → J ′ transition is β =
A(J → J ′)/Atotal. The calculated values of the above
spectral parameters from the polarized q,eff are listed in
table 3.
Polarized fluorescence spectra are measured for the
transition 5I7 → 5I8 in Ho : YAP by exciting the 5I7
manifold with a Tm : YLF laser at 1.91 µm. As shown in
figure 2, the locations and relative intensity of fluorescence
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Table 4. Spectroscopic parameters of Ho : YAP compared with Ho : YAG.
Parameter 1 at% Ho : YAP 0.5 at% Ho : YAG
Main absorption peaks λabs (nm) 1917(E‖a), 1977(E‖a), 2039(E‖a) 1860, 1876, 1904
Absorption bandwidth (nm) 9.6, 15.8, 13.4 9.1, 10.3, 9.6
Absorption cross-section σabs (×10−20 cm2) 0.74, 0.85, 0.29 0.42, 0.58, 0.76
Fluorescence peak λem (nm) 1977(E‖c), 2056(E‖b), 2117(E‖c) 2090
Emission cross-section σem (×10−20 cm2) 0.74, 0.81, 0.64 0.9
Emission bandwidth (nm) 18.5, 17, 14.2 —
Fluorescence lifetime (ms) 8.1 8.5
Figure 5. Polarized gain cross-sections of the Ho : YAP crystal
versus the wavelength.
emission peaks are orientation dependent. The emission
peaks are located at 1977(E‖c), 2040(E‖c), 2056(E‖b),
2096(E‖b), 2117(E‖c) with their corresponding FWHM of
19 nm, 18 nm, 17 nm, 16 nm and 14 nm, respectively. Figure 3
shows the fluorescence decay curve excited by 2.05 µm
at room temperature in correspondence with the emission
line 5I7 → 5I8 at 2056 nm. The curve follows nearly
single-exponential decay behaviour. By single-exponential
fitting, the fluorescence lifetime τf of the 5I7 manifold in
the Ho : YAP crystal is 8.1 ms, which is comparable to the
previously reported lifetimes of 8.5 ms for Ho : YAG [22] and
14 ms for Ho3+ : YLF [23]. The discrepancy between the
measured fluorescence lifetime τf and the radiative lifetime
τr calculated from J–O theory may be caused by the effect of
radiative trapping [24, 25] and the phenomenon of excitation
trapping [26].
For the important transition channel 5I7 → 5I8 of the
Ho3+ laser, the stimulated emission cross-sections at various
wavelengths were determined by the RM, which is based on
deriving the emission cross-section with different polarizations
σ emq (λ) from polarized absorption spectra:
σ emq (λ) = σ absq (λ)
Zl
Zu
exp
[
EZL − hc/λ
KBT
]
, (8)
where σ absq (λ) = α/N0 is the absorption cross-section, Zl and
Zu are the partition functions of the lower and upper levels,
respectively, which are measured from the lowest crystal field
level of each manifold, and EZL is referred to as the ‘zero
line’ or the energy separation between the lowest crystal field
components of the upper and lower states. For the Ho : YAP
crystal, the value ofZl/Zu is 0.92 [27], and the zero-line energy
EZL is equal to 5106 cm−1 [28].
The absorption cross-section σ emq (λ) and the emission
cross-section σ emq (λ) at various wavelengths with different
polarizations are calculated and presented in figure 4. It
can be seen that Ho : YAP exhibits a broad absorption band
near 1.9 µm with some absorption peaks located at 1917(E‖a,
b, c), 1930(E‖a, c) and 1947 nm (E‖a, c), with absorption
cross-sections of 0.74 × 10−20 cm2, 0.66 × 10−20 cm2 and
0.59 × 10−20 cm22, respectively. The absorption peaks
around 2.0 µm lie at 1977 (E‖a, c), 1999 (E‖a) and
2039(E‖a, c), corresponding to absorption cross-sections of
0.85 × 10−20 cm2, 0.48 × 10−20 cm2 and 0.29 × 10−20 cm2,
respectively. The absorption characteristics of Ho : YAP allow
for great flexibility in the selection of the pumping source.
As shown in figure 4, the emission cross-sections σ emq of
the fluorescence peaks including 1977 (E‖b, c), 2056 (E‖a, b)
and 2117 (E‖a, c) are 0.86 × 10−20 cm2, 0.79 × 10−20 cm2
and 0.83 × 10−20 cm2, respectively. In order to analyse the
spectroscopic parameters of the Ho : YAP crystal, we compare
5
J. Phys. D: Appl. Phys. 42 (2009) 045114 Q Dong et al
the results with those of a 0.6 × 1020 cm−3 Ho3+-doped YAG
crystal, which are listed in table 4.
Since the Ho3+ laser via the 5I7 → 5I8 transition operates
in a quasi-three-level scheme, the possible laser wavelength
can be evaluated by the following gain cross-section [29]:
σgq (λ) = pσ emq (λ) − (1 − p)σ absq (λ), (9)
where p stands for the Ho3+ ions population inversion ratio of
the laser upper level, assuming that all the Ho3+ ions are either
at the lowest manifold or at the upper laser level to simplify
the calculation. The relationships between the calculated
polarized gain cross-sections with different p values are shown
in figure 5. For the population inversion level of 25%,
the gain cross-section becomes positive from 2056 nm. The
wavelength edge reaches 1962 nm for a population inversion
level of 50%. The peak gain cross-section for this level is
0.27 × 10−20 cm2 at 2056 nm (E‖a) and 0.34 × 10−20 cm2
at 2117 nm (E‖c). When p varies from 0.75 to 1, the gain
curve indicates a positive gain from 1850 to 2150 nm. This
wavelength range corresponds to the absorption bands of liquid
water and water vapour [30], which is attractive for remote
sensing such as wind shearing measurements.
4. Conclusion
An Ho3+-doped YAP single crystal was grown successfully by
the Czochralski method. Polarized absorption and polarized
fluorescence spectra as well as the fluorescence decay curve
of the crystal were measured at room temperature. Judd–
Ofelt theory was applied to the analysis of the room-
temperature polarized absorption spectra, and the effective
phenomenological intensity parameters 2,eff , 4,eff and 6,eff
were obtained to be 2.89 × 10−20 cm2, 2.92 × 10−20 cm2 and
1.32 × 10−20 cm2, respectively. The fluorescence lifetime of
the 5I7 manifold was obtained from the measured fluorescence
decay curve and the value was 8.1 ms. By the RM, the
peak stimulated emission cross-sections of the 5I7 → 5I8
transition were estimated, and the polarized gain cross-section
curves were provided and discussed. The good spectroscopic
properties reveal that the Ho : YAP crystal is a potential
candidate material for 2.0 µm laser media.
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